Spectral emission from optical breakdown in the bulk of a transparent dielectric contains information about the nature of the breakdown medium. We have made time resolved measurements of the breakdown induced emission caused by nanosecond and femtosecond infrared laser pulses. We previously demonstrated that the emission due to ns pulses is blackbody in nature allowing determination of the fireball temperature and pressure during and after the damage event. The emission due to femtosecond pulse breakdown is not blackbody in nature; two different spectral distributions being noted. In one case, the peak spectral distribution occurs at the second harmonic of the incident radiation, in the other the distribution is broader and flatter and presumably due to continuum generation. The differences between ns and fs breakdown emission can be explained by the differing breakdown region geometries for the two pulse durations. The possibility to use spectral emission as a diagnostic of the emission region morphology will be discussed.
INTRODUCTION
Recently, we demonstrated that breakdown initiated with ns irradiation can produce an ionized region sufficiently large and dense enough to thermalize the plasma emission (every photon will be scattered multiple times) 1 . The temporal evolution of this thermalized radiation gave information about plasma temperatures, local pressures, electron densities, and energy dissipation mechanisms. In the present work, we use the same method to evaluate the radiation produced by fs pulses in LiF, fused silica (SiO 2 ), and DKDP (KD 2 PO 4 ). The broadband spectra are compared to, and found to be fundamentally different from those obtained in the same materials when nanosecond pulses initiate the breakdown. In addition, the spectra produced by fs radiation are shown to fall into two distinct categories that correspond to different breakdown morphologies.
EXPERIMENTAL
A Ti:Saphire laser with a pulse duration of 150 fs operating at 820 nm with a measured bandwidth of ~10 nm was one of the two lasers used in these experiments. A mechanical shutter isolated single pulses from the output 100 Hz pulse train. The power of the laser pulse was 1.5 +/-0.3 MW and the peak fluence at focus was on the order of 3 +/-0.6 J/cm 2 . The 20% energy / fluence fluctuations resulted from running the laser at such a (relatively) low repetition rate. A Q-switched ND:Yag was also used to provide 5-ns pulses of 1064-nm light.
A 3-inch focal length off-axis parabolic mirror was used to focus the laser to a 10-µm to 30-µm spot (depending on wavelength) in the bulk of a sample. Light originating from the geometric focus of the off-axis parabolic mirror was collected, transported, and focused by reflective optics onto the slit of a spectrometer (as seen in figure 1 ). An intensified charged coupled device (ICCD) allowed the emission to be gated with 5-ns temporal resolution. This allowed the emission from ns-pulses to be studied at various delay times and avoided the collection of long term (ms) thermal emission when damage is produced by fs-pulses, as seen in previous work 2 . The response of the system was calibrated with a combination of black body and D 2 light sources. Data were collected over a spectral range of 250 nm to 550 nm for LiF, SiO 2 , and DKDP and may be seen in figures 2 and 3. Emission observed from ns and fs damage differed dramatically in both duration and spectral content. For damage induced with ns-radiation emission persisted into the microsecond regime 1 . In contrast, we were able to detect signal only when the 5-ns integration window contained the 0 ns delay point. Such a signal for a SiO 2 sample is shown in figure 2 and compared to breakdown spectra for delay of 2 ns and 8 ns under ns-irradiation (delay times were measured from the center of the 5-ns integration window). The solid points are spectral emission from experiments using a 5-ns 1064-nm laser focused to a 30-µm spot in the bulk of SiO 2 . The thin lines through the points are fits to the Planckian distribution. The approximate temperatures indicated by each spectra is stated. For comparison, the thick gray line is the emission produced in SiO 2 when the 820-nm 150-fs pulse is used. In each case, signal is obtained over a 5-ns temporal window with delay times measured from the center of the window.
The spectra obtained from DKDP, SiO 2 and LiF under 150 fs radiation may be seen in figure 3. Emission from SiO 2 and LiF appear to have similar spectral profiles. Both materials have spectra that peaked at the second harmonic of the laser line with a tail in the red. However, the spectrum from DKDP is much broader and lacks the distinctive peak seen in the spectra obtained from SiO 2 and LiF. This difference in the spectra indicate a material dependence to the breakdown mechanism. 
DISCUSSION
To understand the mechanisms involved we first consider the source of each type of spectra. The peak in LiF and SiO 2 at 410 nm can be attributed to second harmonic generation (SHG) from the 820 nm laser line. We postulate this second harmonic generation is plasma induced, a well known phenomenon 3 for critical density plasmas.
The spectral profile obtained from DKDP (see figure 3 ) did not exhibit the SHG peak at 410 nm. The origin of both the DKDP and SiO 2 / LiF type spectra can be understood by considering the effects of self-focusing. Self-focusing occurs when the power of the laser (P) exceeds a material-dependent critical power (P cr ), given by By comparing the power of the laser pulse (1.5 +/-0.3 MW), and the critical power of each of the materials studied, a correlation between spectra type and critical power is demonstarted. In SiO 2 and LiF (where the second harmonic spectrum is always present) the laser power used in this experiment was not above the critical power needed for self-focusing. In DKDP, however, the laser power is well above P cr . By definition, self-focusing and filamentation occur when the power of the laser exceeds the P cr of the material. In our experiments, self-focusing will not play a role in breakdown dynamics in SiO 2 and LiF, but will be present in DKDP. This leads to the observation of second harmonic generation in SiO 2 and LiF, but not in DKDP as explained below.
The dependence of the emission spectra on critical power, pulse power, and pulse duration can be understood by considering how the geometry of the ionized region is affected by these parameters. For nanosecond pulses the emission spectra have been shown to be immutable over a wide range of pulse energies and laser wavelengths 1 . These results are readily attainable for ns irradiation at powers below those necessary for self-focusing. During breakdown produced by nanosecond pulses in this regime, a radiation driven ionization wave propagates back towards the laser from the point of initial breakdown, producing a spherical or elliptical volume of plasma (see figure 4) . Under proper conditions, the emission from this plasma is self-trapped and observed as thermal radiation which may be used to determine the temperature of the plasma and lattice. Damage produced by a femtosecond pulse can assume two distinct morphologies depending on the power of the pulse and the focal geometry (see figure 5) 9 . For femtosecond laser pulses below the critical power, the initial breakdown is manifested as an ionized region in the shape of a disk less than a micron in thickness 10 .
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The electron density in this region reaches the critical density for the pump wavelength very quickly (compared to the duration of the pulse) 11 . The high electron density allows the pump radiation to penetrate only a short distance (the plasma skin depth), restricting expansion of the ionized region away from the site of initial breakdown by reflecting and scattering the incident laser light. Unlike the case of nanosecond duration, the ionization waves for femtosecond pulses (which propagate at velocities on the order of the sound speed in the material) have insufficient time to expand the ionized region which remains a thin disk 12 .
Second harmonic generation of light from the interaction of laser pulses with plasma in the backscattering geometry is a well-known phenomenon 9 near the critical density points. Incident laser energy is transformed into plasma waves due to linear or non-linear processes. The second harmonic radiation is produced by coupling of two plasma waves or plasma and electromagnetic waves and is often accompanied by spectral broadening from plasma turbulence 3 . It should be noted that this is a fundamentally different process than phase matching in non-linear media; SHG radiation is backscattered and is not dependent on material orientation.
We believe the observed broadening has a dynamic nature associated with rapid change in the electron density. It is shown previously 11 that the time scale for the increase in electron density from very low or no background density to critical density n c is on the order of tens of fs. The increase in electron density gives rise to a rapid change in the index of refraction of the ionized region, and a high velocity ionization front both of which can contribute to the observed broadening. It is also important that for effective SHG the critical surface must be locally flat. Fig 5. Left, femtosecond radiation below critical power produces a thin disk of plasma which second harmonic light can be generated by reflecting off the expanding, turbulent ionization front. Right, filimentation and super-continuum generated when femtosecond radiation is above the critical power of the material.
When the laser pulse is above the critical power, self focusing and filamentation occur before the focus is reached and the breakdown morphology changes from a disk of high electron density plasma to filaments of relatively low electron density 13 . Each filament contains on the order of one critical power. The lower electron densities associated with filamentation do not allow light to excite plasma waves effectively, precluding second harmonic generation. However, this breakdown geometry, due to the interplay between self-focusing and multi-photon ionization, can result in white light continuum generation 14, 15 . As the power of the laser pulses was twice P cr for DKDP, filamentation, and therefore supercontinuum generation should be expected in DKDP.
CONCLUSION
In conclusion, three fundamentally different types of emission were observed for nanosecond-induced breakdown, femtosecond-induced breakdown with P < Pcr, and femtosecond-induced breakdown with P > Pcr. Each emission type corresponds to different breakdown morphology and hence the breakdown morphology can be determined by monitoring the accompanying emission.
The nature of emission from optical breakdown induced by pulses of fs and ns duration [5647-63]
Q What was the minimum wavelength of the plama radiation that you have measured? Is it consistent with the electron temperature in the plasma produced at these intensities?
A The minimum wavelength observed was consistent with our detector measurement.
Q What is the maximum, or peak wavelength in your experiments?
A So you are asking, is the peak intensity consistent with the temperature? Yes it is. Q For nanosecond pulses there is a well known the scaling between intensity and temperature; have you tried to apply the scaling to compare that?
A As a function of laser intensity, the temperature did not change very much.
Q When you did your estimate regarding the role of the conduction electrons for dissipation, how did you account for very high temperatures? Conductivity might change by an order of magnitude.
A I worked backwards. I have the temperature I believe. I know how much energy that I'm losing by radiation, so I assume that everything else I am losing is due to conduction. As we can see, we do see a definite change in conduction as it cools.
Q When you did nanosecond irradiations you had damage at some particular site. When you did femtosecond measurements did it occur at exactly the same spot or was it just in the bulk?
A That depended on the material. For example, for the KDP we saw essentially a filament through the material. For the fused silicon to lithium fluoride it was at a single location. As to whether or not that location moved, I can't tell you precisely but it looked to be about in the center.
